Objective-Lysophosphatidic acids (LPA) have important roles in the field of vascular biology and are derived mainly from lysophosphatidylcholine via autotaxin. However, in our previous study, only the plasma LPA levels, and not the serum autotaxin levels, increased in patients with acute coronary syndrome (ACS). The aim of this study was to elucidate the pathway by which LPA is increased in patients with ACS. Approach and Results-We measured the plasma lysophospholipids species in 141 consecutive patients undergoing coronary angiography (ACS, n=38; stable angina pectoris, n=71; angiographically normal coronary arteries, n=32) using a liquid chromatography-tandem mass spectrometry analysis. Among the ACS subjects, notable increases in the 22:6 LPA, 18:2 LPA, and 20:4 LPA levels were observed. The in vitro experiments revealed that serum incubation mainly increased the 18:2 LPA level, whereas platelet activation increased the 20:4 LPA level. Minor lysophospholipids other than LPA were also elevated in ACS subjects and were well correlated with the corresponding LPA species, including 22:6 LPA. A multiple regression analysis also revealed that lysophosphatidylinositol, lysophosphatidylcholine, lysophosphatidylethanolamine, and lysophosphatidylglycerol were independent explanatory variables for several LPA species. Conclusions-Specific LPA species, especially long-chain unsaturated LPA, were elevated in ACS patients, along with the corresponding minor lysophospholipids. The elevation of these LPA species might be mainly caused by presently unidentified LPA-producing pathway(s). Minor lysophospholipids might be involved in the generation of LPA, especially 22:6 LPA, and in the pathogenesis of ACS.
L ysophosphatidic acid (LPA) has been demonstrated to play important roles in the field of vascular biology, and the involvement of LPA and its receptors in the pathogenesis of several diseases, including fibrosis, 1 autoimmune diseases, 2 and cancer, 3 has been elucidated. Furthermore, basic studies of LPA have suggested the presence of both thrombogenic and atherogenic properties of this bioactive lipid. LPA induces platelet shape changes, the aggregation of platelets, plateletmonocyte aggregation, and an increase in the expression of tissue factor in plaques. [4] [5] [6] Therefore, LPA is strongly speculated to be involved in plaque rupture, which is a characteristic of acute coronary syndrome (ACS). LPA has also been proposed to be involved in the development of atheromatous plaques: LPA induces the expression of adhesion molecules and chemokines in endothelial cells 7, 8 and the migration and secretion of inflammatory cytokines in smooth muscle cells. 9, 10 Therefore, these findings obtained from in vitro studies and from animal studies [11] [12] [13] strongly suggest that LPA may have several roles in both the formation and rupture of atheromatous plaques. Hence, LPA and its receptors have been proposed as causative factors of ischemic heart disease and have been considered as possible pharmacological targets. 14, 15 Recently, we measured the plasma LPA levels in subjects undergoing coronary angiography and found that the plasma February 2015 LPA levels were elevated in patients with ACS but not in those with stable angina pectoris (SAP). 16 This result suggested that LPA might be involved in plaque instability and platelet activation in human subjects. In addition, we also found that serum autotaxin levels were not elevated in patients with ACS; LPA is hydrolyzed from lysophosphatidylcholine (LPC) by autotaxin/lysophospholipase D. 17 This discrepancy between LPA and autotaxin interested us greatly because autotaxin is a key enzyme in the production of LPA. Actually, we previously reported a strong positive correlation between LPA and autotaxin in healthy subjects, 18 patients with chronic hepatitis, 19 and patients with follicular lymphoma. 20 Therefore, the discordance between ACS subjects and other subjects prompted us to investigate the origins of the elevation in LPA in patients with ACS.
LPA is structurally composed of a fatty acid linked to snglycerol-3 phosphate, and the molecular species of the fatty acid chain are varied and determine the molecular species of LPA. In a previous report, 16 we measured the total LPA and LPC levels using previously described enzymatic methods. 21 Using these methods, we could not obtain any information concerning which molecular species of LPA were elevated in patients with ACS. To overcome this limitation, we determined the LPA species using liquid chromatography-tandem mass spectrometry (LC-MS/ MS), as described previously. [22] [23] [24] Using this method, we were able to measure 12 acyl-chain LPA species, including 22:6 LPA, which has not been reported in any previous clinical studies, to our knowledge. Moreover, we were also able to determine other minor lysophospholipids (LPLs) (lysophosphatidylethanolamine [LPE], lysophosphatidylglycerol [LPG], lysophosphatidylinositol [LPI], and lysophosphatidylserine), the plasma concentrations of which had not been investigated in ACS subjects.
In this study, we used LC-MS/MS to measure LPL species of samples obtained in a previous clinical study and in several relevant in vitro experiments to elucidate the pathway by which LPA is increased in patients with ACS.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Unsaturated Long Chain LPA Species Were Especially Elevated in Subjects With ACS
The basic characteristics of the 3 groups of subjects (normal coronary arteries, SAP, and ACS) were described in a previous study. 16 Concordant with our previous report, 16 an analysis of the plasma total LPA levels using LC-MS/MS revealed that the plasma total LPA levels were significantly elevated in the ACS group, compared with the normal coronary arteries or SAP group ( Figure 1A ). Regarding the LPA species, the levels of 14:0  LPA, 16:0 LPA, 18:0 LPA, 18:3 LPA, 20:3 LPA, and 20:5 Figure 1E ). This result suggested that 22:6 LPA, 18:2 LPA, and 20:4 LPA are characteristic LPA species that are elevated in patients with ACS.
Because several clinical factors (sex, presence of diabetes mellitus, and regular medication with aspirin [although all the subjects who had not taken aspirin regularly took aspirin before they entered the catheter laboratory], β blocker, reninangiotensin system inhibitor, or statin before administration) differed significantly among the 3 groups, as shown in a previous report, 16 we performed a stratified analyses to exclude possible confounding factors (Tables I-IV in the online-only Data Supplement). The results from a stratified analysis of subjects showed that the increase of the total LPA and specific LPA molecular species (18:2 LPA, 20:4 LPA, and 22:6 LPA) was observed essentially in patients who did not regularly take aspirin, β blockers, renin-angiotensin system inhibitor, or statin. Regarding the effects of medication, several significant differences were observed only in the ACS group: the total LPA and 18:2 LPA levels were lower than those in patients who regularly took aspirin; the total LPA, 18:2 LPA, and 20:4 LPA levels were lower than those in patients who regularly took β blockers, and the 20:4 LPA level was lower than that in patients who regularly took statins.
Autotaxin-Mediated Pathway Might not be Involved in the Production of 22:6 LPA
To elucidate the sources of the elevated LPA levels in ACS, we first investigated the autotaxin-mediated pathway because LPA is thought to be mainly produced from LPC via autotaxin. The correlations between the serum autotaxin level and each LPA species are shown in Figure 1F -1H. The 18:2 LPA (r=0.397; P<0.001) and 20:4 LPA (r=0.277; P=0.001) levels were more strongly correlated with the autotaxin level than with the 22:6 LPA level (r=0.218; P=0.009). 16:0 LPA is a major LPA species, but its level remained unchanged in ACS, whereas the 18:1 LPA and 22:5 LPA levels were significantly elevated in ACS; the 16:0 LPA and 18:1 LPA levels were significantly correlated with the autotaxin level (r=0.277; P=0.001 and r=0.336; P<0.001, respectively), whereas the 22:5 LPA level was not ( Figure ID -IF in the online-only Data Supplement).
To confirm these results in vitro, we incubated the serum for 24 hours to investigate which LPA species increased under in vitro conditions where autotaxin is mainly involved in LPA production; in serum, the substrate LPC and the enzyme autotaxin coexist and are involved in LPA production. Although all the LPA species were elevated and the increases were inhibited by the autotaxin inhibitor HA130, the 18:2 LPA level increased to the largest degree among all the species (Figure 2 ), which was concordant with the strong relation observed between 18:2 LPA and autotaxin in the clinical study. Therefore, 18:2 LPA, the LPA with the second highest increase in the ACS group, might be produced via an autotaxin -mediated pathway, whereas this might not be the case for the production of 22:6 LPA.
Oxidation of Low-Density Lipoprotein Increased Saturated LPA and Decreased Unsaturated LPA Levels
Next, we investigated the possible involvement of lipoprotein oxidation because the oxidation of low-density lipoprotein (LDL) is deeply related to atherosclerosis, and as previously reported, 21, 25 LPA increased when lipoproteins were oxidized. As shown in Figure 3A , all the LPA species that were specifically elevated in ACS instead decreased in a manner dependent on the CuSO 4 concentration, whereas saturated LPA dramatically increased during lipoprotein oxidation under the same conditions. Accordingly, it seems unlikely that LDL oxidation is involved in the elevation of unsaturated long chain LPAs observed in ACS.
Platelet Activation Produced 20:4 LPA in Particular
Next, we challenged the possibility that platelet activation, which is provoked after plaque rupture, might produce LPAs characteristic of ACS. As shown in Figure 3B and 3C, 20:4 LPA was increased during platelet activation by thrombin to the greatest degree, followed by 18:0 LPA and 18:1 LPA, whereas 18:2 LPA and 22:6 LPA were only marginally increased. Platelets are reportedly associated with autotaxin, and autotaxin has been proposed to be involved in plateletderived LPA production. 26 Consistently, the elevation of 20:4 LPA was inhibited by the autotaxin inhibitor HA130, demonstrating that ≥20:4 LPA seems to be derived from the autotaxinassociated LPA-producing pathway, as reported previously. 26 We performed similar experiments in the presence of corresponding platelet-poor plasma; however, we did not observe any specific modulations by thrombin of the LPA species that were characteristic of ACS ( Figure II 
Possible Involvement of Minor LPLs in Elevated LPA Levels in Human Subjects
In our study using LC-MS/MS, we were able to measure not only the LPA species, but also the species of other LPLs: LPC, LPG, LPI, LPE, and lysophosphatidylserine. Although LPA is mainly produced from LPC by autotaxin, other minor LPLs might have the potential to be converted into LPA, considering their structures. So, to evaluate the possible involvement of minor LPLs in LPA synthesis, we next analyzed the relation between LPA and other LPLs using statistical analyses.
Interestingly, as shown in Figure 4 , the total LPE, LPG, LPI, and lysophosphatidylserine levels were elevated in addition to the LPA level in patients with ACS. Regarding the molecular species, almost every unsaturated long chain species of LPL, including LPC, was elevated in patients with ACS (Tables V-IX in the online-only Data Supplement).
We examined the correlation between LPA species and other LPLs of corresponding species. As shown in Figure 5 and Figure To analyze which factors might be independent explanatory variables for LPA, we further performed stepwise multiple regression analyses using the LPA species as objective variables and the corresponding LPL species and serum autotaxin levels as explanatory variables. The explanatory variables for LPA seemed to differ among these LPA species: for 18:2 LPA, autotaxin and 18:2 LPC were selected as important variables (Table) , consistent with the in vitro experiments (Figure 2) . These results suggested that 18:2 LPA was derived mainly from the autotaxin-mediated pathway. For 20:4 LPA, 20:4 LPI was selected as the most important variable, followed by 20:4 LPC and autotaxin (Table) . Considering that LPI is generated from phosphatidylinositol in activated platelets, 27 this result might be reasonable because 20:4 LPA was generated to a greater degree by platelet activation in our in vitro experiment than the other LPA species (Figure 3B and 3C). However, for 22:6 LPA (the most dominant LPA species elevated in ACS), 22:6 LPC, 22:6 LPE, and a negative relation for 22:6 LPG (although the absolute amount of 22:6 LPG was rather small) were selected as independent explanatory factors, but not autotaxin. These results suggested that 22:6 LPA might originate mainly from an unknown pathway during ACS. Considering the correlation between LPA species and the corresponding minor LPL species and the results from multiple regression analyses, minor LPLs might also be involved in this unknown LPA-producing pathway. Actually, factors other than the classical molecules involved in the autotaxin-mediated, LPA-producing pathway (autotaxin and LPC) were selected as significant explanatory factors for other LPA species, as follows. 
Discussion
LPA has been demonstrated to have proatherosclerotic properties, and this bioactive lipid and its receptors have been proposed to be potential pharmacological targets for atherosclerotic diseases. 14 Recently, we reported that the plasma LPA level is elevated in ACS subjects, 16 suggesting the possible involvement of LPA in plaque instability and rupture. LPA is mainly produced via an autotaxin -mediated pathway, and in healthy subjects and patients with several diseases, the plasma LPA level is closely correlated with the serum autotaxin level. [18] [19] [20] In patients with ACS, however, the serum autotaxin level was not elevated, compared with the LPA level.
In this study, we aimed to reveal the sources of LPA elevation in patients with ACS and to determine the species of LPA using LC-MS/MS. We found that compared with the normal coronary arteries and SAP patients, the levels of 22:6 LPA, 18:2 LPA, 20:4 LPA, 18:1 LPA, and 22:5 LPA were increased in patients with ACS in the order shown ( Figure 1A-1E ; Figure IA -IC in the online-only Data Supplement). According to a previous report by others, 28 the species of acyl LPA in the lipid-rich core regions of human atherosclerotic plaques are composed mainly of 18:0 LPA, followed by 18:1 LPA, 16:0 LPA, and 20:4 LPA, in this order, which is different from the molecular species of LPA that were elevated in the plasma of the ACS patients in our study. Therefore, this discrepancy suggests that the elevated LPA levels in the plasma of ACS patients did not derive directly from the ruptured plaques, but from some secondary reactions, such as platelet activation, occurring after plaque rupture. Alternatively, subjects with larger amounts of unsaturated long chain LPA might be more prone to have plaque rupture. To our knowledge, our article demonstrated for the first time that specific LPA species were elevated in the plasma of ACS subjects.
To elucidate the sources of the elevations in LPA species in ACS (22:6 LPA, 18:2 LPA, and 20:4 LPA), we first investigated the possible origins of these LPA species using in vitro experiments. As mentioned previously, LPA is mainly produced by autotaxin. Hence, we determined which LPA species were produced by autotaxin by incubating serum. As shown Figure 2 , the level of 18:2 LPA, in particular, increased followed by 16:0 LPA and 20:4 LPA, although all the LPA species were elevated and the increases were inhibited by an autotaxin inhibitor. This result was consistent with the correlation between the LPA species and the serum autotaxin levels ( Figure 1C-1E) ; compared with the significant positive correlations observed between 18:2 LPA or 20:4 LPA and autotaxin, the correlation between 22:6 LPA and autotaxin was relatively weak. Of note, although 16:0 LPA increased in vitro, the 16:0 LPA level was not elevated in ACS subjects ( Figure  IA in the online-only Data Supplement). One possible explanation for this discrepancy is that the serum incubation experiment could not completely reproduce the in vivo conditions, at least for 16:0 LPA, the reasons for which remain unknown. Actually, 16:0 LPA was not correlated positively with 16:0 lysophosphatidylcholine in vivo (Table X in the online-only Data Supplement). Further studies are needed to elucidate the involvement of autotaxin in the production of LPA in vivo.
LPA is also known to increase during lipoprotein oxidation, which is believed to accumulate in atherosclerotic lesions; consequently, we evaluated the increase in LPA species in oxidized LDL. As shown in Figure 3A , saturated LPA species, such as 18:0 LPA and 16:0 LPA, were mainly increased. This result suggests that the modification of LPA species during lipoprotein oxidation could not explain the increase in LPA in patients with ACS, although we cannot exclude the possibility that the in vitro experiments failed to reproduce the conditions in vivo; unsaturated LPA might be produced locally at the atherosclerotic lesions and then rapidly escaped into the blood stream from the oxidizing situations in vivo, whereas lipoproteins continued to be exposed to the oxidizing circumstance in this experiment.
ACS is characterized by plaque rupture, which activates platelets, and LPA is known to increase in response to platelet stimulation. 29, 30 So, we next investigated which LPA species increased during platelet activation. As shown in Figure 3B and 3C, the ranking of the LPA species that increased during platelet activation was 20:4 LPA>18:0 LPA>18:1 LPA>16:0 LPA=22:6 LPA=18:1 LPA, which was somewhat different from the results of previous reports. Sano et al showed that the ranking of LPA species secreted from thrombin-stimulated platelets was 18:0 LPA>20:4 LPA>18:1 LPA>16:0 LPA>18:2 LPA, 31 whereas Gerrard et al reported a ranking of 16:0 LPA>18:0 LPA>20:4 LPA>18:1 LPA>18:2 LPA. 32 This inconsistency remains to be resolved, but individual variations might be involved. In fact, platelets from some subjects secreted more 18:0 LPA than 20:4 LPA. In either case, we can safely conclude that among the LPA species that were elevated in ACS, 20:4 LPA increased to the greatest degree during platelet activation. We further performed similar experiments in the presence of corresponding platelet-poor plasma; however, the presence of platelet-poor plasma obscured the increases of LPAs by platelet stimulation, probably because of a great LPA production by autotaxin using the substrates, such as lysophosphatidylcholine, in the plasma. On the contrary, LPA production via autotaxin might be in an equilibrium state in human subjects.
Next, we tried to elucidate the origins of the increase in LPA in ACS patients using statistical methods. Although the main precursor of LPA is lysophosphatidylcholine, other minor LPLs could be a precursor of LPA in theory, considering their structures. Using LC-MS/MS, we were able to measure the species of other minor LPLs. Therefore, we investigated which LPLs might best explain the LPA levels using stepwise multiple regression analyses. These statistical analyses supported the hypothesis that the 3 LPA species that are characteristic of ACS might be mainly derived from different pathways (Table) : 18:2 LPA might be mainly derived from an autotaxin -mediated pathway, whereas 20:4 LPA might be mainly derived from a platelet-related pathway. However, the main origins of 22:6 LPA might differ from the presently known pathways, and LPE and LPG might be involved, in addition to lysophosphatidylcholine, in this LPA-producing pathway. These results suggest that minor LPLs can be important determinants, in addition to autotaxin, in the formation of LPA in human subjects, or these minor LPLs may increase under conditions where LPA increases.
The roles of minor LPLs, especially in the field of atherosclerotic diseases, remain unknown at present, and our study is the first to demonstrate the association of minor LPLs with ACS. LPE can be generated from phosphatidylethanolamine, which is a component of the cell membrane. In the present study, LPE increased more markedly in ACS patients than LPA. Although we have not elucidated the reason for this marked elevation of LPE, phosphatidylethanolamine reportedly is degraded more preferably from the ischemic rat heart than other phospholipids, 33 and hence LPE is concomitantly formed. Hence, ischemia of cardiac myocytes in ACS patients can be one possible explanation for the LPE increase. Although only a few papers have reported the physiological function of LPE to date, LPE might modulate several biological responses, possibly through G-protein-coupled receptor. 34 On the other hand, LPI is thought to be produced from phosphatidylinositol in activated platelets, 27 and its involvement in the migration of smooth muscle cells has been proposed. 35 Recently, a series of elegant studies have demonstrated that the state of cell activation and the autotaxin levels may determine the production of LPA. 26, 36, 37 Therefore, minor LPLs might be associated with the state of cell activation. Further studies may elucidate novel unknown properties of these minor LPLs.
Our study suggested the importance of measuring LPA species because different species of LPA increased in patients with ACS, and these species might have different origins. Supporting this proposal, several differences in the properties of LPA species have been demonstrated in previous papers. For example, 20:4 LPA has been proposed to be a more potent activator of platelets 28, 38 and PPARγ, 39 compared with other LPA species. It was also demonstrated that unsaturated LPA, rather than saturated LPA, might be capable of inducing vascular remodeling. 40, 41 In addition to these proposed differences, our study suggested, for the first time, that long chain unsaturated LPAs, but not saturated LPAs, might be deeply involved in the pathogenesis of ACS, such as in platelet aggregation and plaque instability, although whether these species of LPA have proatherosclerotic or antiatherosclerotic properties remains to be elucidated.
A limitation of this study is that the backgrounds of the subjects, especially the use of regular medication, were not homogenous among the groups. A stratified analysis revealed that the total LPA, 18:2 LPA, 20:4 LPA, and 22:6 LPA levels were elevated in the ACS group when subjects were confined to those without specific medication, whereas regular medication with aspirin, β blockers, and statins might have had suppressive effects on the elevation of plasma LPA levels in patients with ACS, suggesting possible novel roles of these drugs in suppressing the LPA levels. Another limitation is that the ACS patients tended to undergo emergency catheterization, whereas the normal coronary arteries and SAP patients more often underwent scheduled catheterization. The length of fasting before sampling was thus more varied among the ACS patients, and this might be a potential confounding factor. Even among the subjects who underwent scheduled catheterization, the length of fasting varied from 4 to 16 hours. Because this study was performed in a Japanese population, which was considered to consume more n-3 fatty acids than Western populations, whether similar results can be obtained in Western populations remains unclear. Further study in different population(s) is expected. Finally, because this study was an observational study, we cannot conclude whether these LPA species increased as a result of ACS or individuals with higher levels of these LPA species were prone to suffer ACS.
In summary, we demonstrated that specific LPA species, especially long-chain unsaturated LPA, increased in ACS patients, along with minor LPLs. The elevations of these LPA species cannot be fully explained by the LPA-producing pathways that are presently known (such as an autotaxin -mediated pathway and a platelet-derived pathway). Minor LPLs might have some roles in the generation of LPA or in the pathogenesis of ACS. 
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